1. Introduction {#sec1}
===============

Depression is a neuropsychiatric syndrome that afflicts about 350 million people worldwide and produces a major, multi--billion dollar annual socioeconomic source of stress [@bib1]. Those afflicted with depression experience sadness, apathy, anhedonia, or suicidal ideation by psychophysiological transformation. Notwithstanding the intensive research accomplished over the past decades, the therapies currently implemented to treat patients with a major depressive disorder (MDD) have been effective in less than 50% of those patients with MDD whose symptoms require chronic treatment [@bib2].

Extensive studies on brains of patients with MDD or those of animal models of depression found that density of astrocytes diminished, whereas neurons did not show significant change or only atrophied [@bib1], [@bib3], [@bib4], [@bib5]. In the postmortem autopsy of the brains of patients with MDD, a reduced number of astrocytes were observed in the prefrontal cortex (PFC) [@bib4], [@bib6] and hippocampus [@bib7]. Astrocytes take part in trophic support, neuronal differentiation, and synaptic efficacy [@bib8]. Astrocytic abnormality has been shown to induce a decrease in glutamate uptake/cycling and an accumulation of glutamate, which is a main excitatory amino acid neurotransmitter keeping balance with gamma-aminobutyric acid (GABA), and may bring about depression [@bib9]. These changes could be identified by a corresponding level of astrocytic markers, such as glial fibrillary acidic protein (GFAP).

L-alpha-aminoadipic acid (L-AAA) induces local glial degeneration by transitory ablation of astrocytes and an increased number of microglia around the lesion [@bib10]. L-AAA enters cells by a sodium (Na^+^)-dependent transporter and induces glial cell death by blocking required cellular functions involving glutamate [@bib11]. According to previous studies, infusing gliotoxin of L-AAA in the PFC region establishes a depression model as it presents depression-like behaviors and mimics the histological features of the brain of patients with MDD [@bib9], [@bib11], [@bib12]. Compared with conventional animal models of depression in which animals were subjected to chronic stress, L-AAA--infused model has the advantage that it can equally modulate the change in relative animal subjects and thus evaluate the precise effect by intervention.

*Panax ginseng* Meyer (*P. ginseng*) has traditionally been used to treat a variety of disorders in the nervous system including MDD. The antidepressant effect of *P. ginseng* extract was previously studied using a chronic mild stress model [@bib13], chronic restraint stress model [@bib14], menopause depression model [@bib15], and an addiction-withdrawal model [@bib16]. As active ingredients and metabolites of *P. ginseng*, Rg1 [@bib17], [@bib18], Rb1 [@bib15], Rb3 [@bib19], 20 (S)-protopanaxadiol [@bib20], and compound K [@bib15] were reported to ameliorate depression-like behaviors in rodents.

Among approximately thirty kinds of ginsenosides found in *P. ginseng*, ginsenoside Rf (G-Rf) is a steroid glycoside and classified as protopanaxatriol-type ginsenosides. As a genuine ingredient in Asian ginseng, G-Rf is a trace ginsenoside among other diverse ginsenosides, and it is one of the biologically active saponins found in *P. ginseng* [@bib21]. Previous studies demonstrated that G-Rf had analgesic and antinociceptive effects and was related to inhibition of Ca^2+^ channels in sensory neurons and the role of adrenergic receptors [@bib21], [@bib22], [@bib23]. An antiinflammatory effect of G-Rf was reported for pain [@bib23] and atopic and contact dermatitis [@bib24]. A series of previous studies suggest a potential effect of *P. ginseng*, especially G-Rf, on MDD, which is a prominent neurological disorder. However, there is barely any research on the effects of *P. ginseng* or G-Rf on diseases relevant to affective disorders. Therefore, in this study, we hypothesized that G-Rf might significantly improve depression-like behavior and histological changes using an L-AAA--induced mouse model of depression and focused mainly on the pathology of astrocytes, which are deeply involved in the etiology of MDD.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Ginsenoside Rf (PubChem CID: 441922, CAS Number: 52286-58-5) was purchased from Interpharm, Inc. (Koyang, Korea). Neuronal-specific nuclear protein (NeuN) was purchased from Millipore, Inc. (Bedford, MA, USA), and β-actin and GFAP were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Ki-67 was purchased from Abcam (Cambridge, MA, USA). Secondary anti-mouse antibody and anti-rabbit antibody were obtained from Pierce Biotechnology, Inc. (Rockford, IL, USA).

2.2. Animals {#sec2.2}
------------

Eight-week-old male C57Bl/6 mice (Orient Bio, Inc., Korea) weighing 20--22 g were used. The mice were housed in acrylic cages (22 × 27 × 12 cm), with constantly automatically monitored and controlled temperature (22 ± 2°C) and relative humidity (60 ± 10%), with free access to water and food, under a twelve-hour light/dark cycle. All behavioral tests were performed between 9:00 and 17:00. All procedures were approved by the Kyung Hee University Medical Center Institutional Animal Care (approval number; KHMC-IACUC 16-028).

2.3. Drug administration {#sec2.3}
------------------------

Mice were randomly assigned to four groups: (i) Sham control (Sham), distilled water per os (po) + sham surgery (n = 7); (ii) Vehicle (Veh), distilled water po + L-AAA infusion (n = 7); (iii) Imipramine (Imi), imipramine (20 mg/kg) po + L-AAA infusion (n = 7), (iv) G-Rf, G-Rf (20 mg/kg) po + L-AAA infusion (n = 7). G-Rf and imipramine were completely dissolved in distilled water and were administered to the mice orally. Oral administration continued until the mice were sacrificed. All experiments followed the time schedule shown in [Fig. 1](#fig1){ref-type="fig"}A.Fig. 1(A) Timeline of the experiment. (B) The image depicts the course of cannula implantation. Guide cannulas were implanted, and L-AAA was infused through them (1.2 μl/mouse). (C) Location of L-AAA infusion. Guide cannula was aimed at the prefrontal cortex using the following coordinates: AP 1.7 mm, ML ±0.3 mm, and DV −2.5 mm from the bregma. FST, forced swimming test; L-AAA, L-alpha-aminoadipic acid; OFT, open-field test; TST, tail suspension test; AP, anterior-posterior; ML, medial-lateral; DV, dorsal-ventral.Fig. 1

2.4. Cannula implantation {#sec2.4}
-------------------------

Mice were anesthetized using intraperitoneal injections of 100 mg/kg of ketamine + 10 mg/kg of xylazine and were placed on a stereotaxic apparatus (Vernier Stereotaxic Instrument; Leica Biosystems, Nussloch, Germany). The mice were implanted with a guide cannula (RWD Life science Co., Ltd., Shenzhen, China) in the PFC region using the following coordinates: 1.7 mm anterior-posterior (AP), ±0.3 mm medial-lateral (ML), and −2.5 mm dorsal-ventral (DV) from the bregma. All animals then recuperated within seven days.

2.5. Injection of L-AAA {#sec2.5}
-----------------------

After one week of recovery, we infused L-AAA (100 μg/μl; Sigma) bilaterally at a rate of 0.1 μl/min for six minutes using an injection cannula and a microdrive pump (Pump 11 Elite Nanomite; Harvard Apparatus, Holliston, MA, USA). We administered it once daily for two days ([Fig. 1](#fig1){ref-type="fig"}). Mice in the vehicle, imipramine, and G-Rf groups were injected with L-AAA into the PFC through the previously implanted guide cannula. The sham mice did not undergo injection after cannula implantation.

2.6. Behavioral tests {#sec2.6}
---------------------

The open-field test (OFT) was conducted to estimate locomotor activity. Each mouse was placed in the center of a transparent acrylic box arena (50 cm × 50 cm × 50 cm), and behavior was recorded for ten minutes by means of a video-recording device. The horizontal locomotor activity was defined as total ambulatory distance. Locomotor activity was analyzed using Smart 3.0 (Panlab SL, Barcelona, Spain)

We performed the forced swimming test (FST) and the tail suspension test (TST) to find out if the mice exhibited depression-like behavior. The FST was applied as described previously with slight modifications [@bib25]. Briefly, FST was assessed using a swimming chamber consisting of an acrylic cylindrical tank (height, 46 cm; diameter, 20 cm) with 23--25°C water filled to a depth of 15 cm. Each mouse was individually placed in the cylinder for six minutes. Immobility time was measured during the last four minutes. The TST was performed as previously described [@bib26]. Mice were suspended 50 cm above the floor by using adhesive tape, the other end of which was placed at the tip of the tail. The immobility time was calculated by video recording during the last four minutes of the six-minute-long testing time.

2.7. Tissue collection {#sec2.7}
----------------------

After the behavioral tests were completed, all mice were anesthetized and sacrificed. Some mice were designated for rapid removal of the hippocampi from the brains. The hippocampi were dissected and stored at −80°C for Western blotting analysis. The remaining mice in each group were anesthetized using diethyl ether and were perfused with phosphate-buffered saline, followed by 4% paraformaldehyde solution. Collected brains were subsequently submerged in 4% paraformaldehyde for 24 hours at 4°C and transferred to a 20% sucrose solution. The brains were stored at −80°C for immunohistochemical analysis.

2.8. Histochemical and immunohistochemical analysis {#sec2.8}
---------------------------------------------------

All frozen brains were cut into 10-μm-thick sections using a cryostat microtome (Leica CM1850; Leica Microsystems, Wetzlar, Germany). Damaged cells in the PFC were identified by hematoxylin and eosin (H&E) staining to confirm tissue injury by cannula. Sections from the PFC and hippocampus were also incubated with primary antibodies GFAP (1:200), NeuN (1:200), and Ki-67 (1:500) overnight to verify changes of astrocytes, neurons, and proliferative cells. The sections were incubated with the secondary antibody for one hour at room temperature. After incubation with avidin-conjugated peroxidase complex (ABC kit; Vector Laboratories, CA, USA), signals were detected using 3, 3′-diaminobenzidine tetrahydrochloride (Dako, CA, USA). Microscopic analysis was performed using Olympus BX51 microscope (Olympus, Tokyo, Japan). Immunopositive cells were quantified using the method followed by David et al [@bib27] using ImageJ v.1.44 software (NIH, Bethesda, MD, USA). The number of cells was counted in three 250 μm × 250 μm contours per region. Cell counts were obtained by averaging the total number of cells per section of that brain area.

2.9. Western blot {#sec2.9}
-----------------

The hippocampus tissue was homogenized in 1 × RIPA buffer (Pierce Biotechnology, IL, US). The homogenate was centrifuged at 12,000 × g for 15 minutes at 4°C, and the supernatant was collected. Protein was quantified using the BCA protein assay kit (Pierce Biotechnology). The protein extract (40 μg per lane) was loaded onto 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel followed by transferring onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were incubated with the primary antibody against NeuN (1:1000) and GFAP (1:1000) overnight at 4°C. The membranes were then incubated with goat anti--mouse IgG secondary antibody (1:5000) for one hour at room temperature. Immunoreactive bands were detected using an enhanced chemiluminescent kit (Pierce Biotechnology). The blots were imaged using Davinch-Chemi (Celltagen, Seoul, Korea) and were quantified using ImageJ v.1.44 software (NIH).

2.10. Statistical analysis {#sec2.10}
--------------------------

Data were assessed using a one-way analysis of variance followed by Tukey post hoc test comparisons for the behavioral and biochemical analysis studies. All results were expressed as means ± standard error of mean, p values \< 0.05 were considered statistically significant, and all calculations were made using SPSS version 22.0 (Chicago, IL, USA).

3. Results {#sec3}
==========

3.1. Effects of G-Rf on depression-like behavior of L-AAA--infused depressive mice {#sec3.1}
----------------------------------------------------------------------------------

We first assessed whether L-AAA affected locomotor ability of each group. In the OFT, there was no statistically significant difference in total ambulatory distance between groups (p \> 0.05, [Fig. 2](#fig2){ref-type="fig"}). Accordingly, sensorimotor deficits associated with intracerebral infusion were not detected during behavioral assessment.Fig. 2(A) Effect of ginsenoside Rf (G-Rf) on the open-field test in mice that were injected with L-AAA in the prefrontal cortex. Locomotion was assessed by total distance traveled by mice in whole grids, and no significant difference was observed between groups. The results are expressed as the mean ± SEM. Representative motion tracks for each group are presented in (B). L-AAA, L-alpha-aminoadipic acid; SEM, standard error of mean.Fig. 2

The FST and TST were performed to explore the antidepressant effects of G-Rf on the behavior of L-AAA--infused mice. In the FST, vehicle-treated mice showed significantly increased immobility time than did the sham group (p \< 0.05), whereas the G-Rf--treated and imipramine-treated mice displayed decreased immobility time similar to that of the sham mice (p \< 0.05 relatively, [Fig. 3](#fig3){ref-type="fig"}A). Similarly, in the TST, the immobility time was significantly increased in the vehicle-treated mice as compared with sham mice (p \< 0.05), and G-Rf and imipramine treatment decreased immobility time (p \< 0.05 relatively, [Fig. 3](#fig3){ref-type="fig"}B). The obtained results indicate that G-Rf is able to recover depression-like behavior which is induced by glial loss in the PFC of mice.Fig. 3Effect of ginsenoside Rf (G-Rf) on depression-like behavior in (A) forced swimming test (FST) and (B) tail suspension test (TST). Immobility time in FST and that in TST were assessed to observe depression-like behavior. Administration of G-Rf (20 mg/kg) reversed the immobility time increased by L-AAA infusion as much as imipramine (20 mg/kg) did in both tests. The results are expressed as the mean ± SEM. \#p \< 0.05, significantly different from sham control group (Sham); \*p \< 0.05 and \*\*p \< 0.01, significantly different from vehicle-treated group (Veh). FST, forced swimming test; L-AAA, L-alpha-aminoadipic acid; SEM, standard error of mean; TST, tail suspension test.Fig. 3

3.2. Effect of G-Rf administration on the number of GFAP-positive cells in the PFC of mice under L-AAA infusion {#sec3.2}
---------------------------------------------------------------------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"} presents representative sections from the PFC. Histological analysis of sections stained with H&E showed the proper localization of the injection sites ([Fig. 4](#fig4){ref-type="fig"}A, original magnification × 100; [Fig. 4](#fig4){ref-type="fig"}B, original magnification × 200). In all groups, H&E-stained sections revealed no marked traces of lesions or necrosis caused by the cannula implantation because stained neurons were found near the scar.Fig. 4Localization of injection site and effect of ginsenoside Rf (G-Rf) on expression of neuron-specific nuclear protein (NeuN), glial fibrillary acidic protein (GFAP), and Ki-67 in the prefrontal cortex. (A, B) Hematoxylin and eosin (H&E) staining showed the proper location of the injection sites. In every group, stained tissue adjacent to the implanted site did not reveal a prominent extent of necrosis compared with the sham control group. (C, D) Effect of G-Rf on NeuN expression in the prefrontal cortex. NeuN expression did not significantly differ between groups after L-AAA treatment. (E, F) Effect of G-Rf on GFAP expression in the prefrontal cortex. After L-AAA treatment, GFAP extremely diminished, but oral administration of G-Rf (20 mg/kg) reversed astrocyte degeneration, making the GFAP expression of G-Rf group similar to that of the sham control group. (G, H) Effect of G-Rf on Ki-67 expression in the prefrontal cortex. After L-AAA injection, proliferative cells diminished, but G-Rf protected loss of proliferative cells. Representative results from H&E staining and immunohistochemistry and quantitative analysis are shown. All values are expressed as the mean ± SEM. \#p \< 0.05 significantly different from sham control group (Sham); \*p \< 0.05 and \*\*p \< 0.01, significantly different from vehicle-treated group (Veh). Calibration bars for (A), 200 μm; for (B), 100 μm; and for (C), (E), and (G), 50 μm. L-AAA, L-alpha-aminoadipic acid; SEM, standard error of mean.Fig. 4

A reduced number of astrocytes have been detected in brains from patients with depression rather than neuronal change. To determine the effect of G-Rf on astrogliosis, prefrontal cortical sections of each group were immunostained with antibodies to GFAP and NeuN. To determine the extent of astrocytic or neuronal activation, we quantified immunoreactive cells ([Fig. 4](#fig4){ref-type="fig"}C, E, original magnification × 400). There was no apparent difference after consecutive injection of L-AAA, as demonstrated by the similar NeuN expression level among groups (p \> 0.05, [Fig. 4](#fig4){ref-type="fig"}C and D). As opposed to the NeuN, GFAP-positive cells were almost removed in vehicle-treated mice implying severe astrogliosis, when compared with the sham control mice (p \< 0.01). Accordingly, L-AAA injection affected solely astrocytes without degrading neurons, which is similar to the brain state of patients with MDD. Oral treatment of G-Rf and imipramine improved density of GFAP-stained astrocytes decreased by L-AAA (p \< 0.01 respectively), and G-Rf especially reversed it more than imipramine, confirming antidepressant effects of G-Rf. These data suggest that repeated administration of G-Rf may block astrocyte impairment which characterizes depressive disorder.

3.3. Effect of G-Rf administration on proliferative cells in the PFC of mice {#sec3.3}
----------------------------------------------------------------------------

To evaluate loss of proliferative cells by L-AAA and the effect of G-Rf on their recovery, we explored whether proliferation-related marker Ki-67 altered in the PFC. When treated with L-AAA, the number of Ki-67--positive cells significantly decreased (p \< 0.05 vs. sham surgery group). In contrast, G-Rf treatment and imipramine treatment increased the number of Ki-67--positive cells in the glial lesion (p \< 0.05 and p \< 0.01, respectively, vs. vehicle-treated group, [Fig. 4](#fig4){ref-type="fig"}G and H). These results provide evidence that proliferative effect of G-Rf may be related to its protective effect on astrocyte impairment.

3.4. Effect of G-Rf administration on the NeuN, GFAP, and Ki-67 level in the hippocampi of mice {#sec3.4}
-----------------------------------------------------------------------------------------------

Dysfunction in specific brain region can lead to subsequent change in other regions [@bib28], [@bib29]. The PFC, hippocampus, and amygdala are considered to be involved in pathology of depression [@bib30]. The recent study demonstrated that L-AAA injection into the prelimbic cortex resulted in anhedonia and apathy-related behaviors, while injection into CA3 of the hippocampus resulted in learning deficit [@bib27]. If G-Rf acted on astrocyte dysfunction of both regions, G-Rf could manage a broad range of depression-related symptoms. We examined the effects of G-Rf on the NeuN and GFAP expression levels in the mice hippocampi by Western blotting. The results demonstrated no change in the NeuN expression level, which was found to be consistent in all the mice hippocampi examined (p \> 0.05, [Fig. 5](#fig5){ref-type="fig"}A). It therefore appears that L-AAA injection did not influence the neurons in the hippocampus. On the other hand, GFAP expression level was observed to significantly decrease in the vehicle-treated mice hippocampi (p \< 0.01). However, G-Rf treatment yielded significantly increased hippocampal GFAP expression level compared with that of the sham (p \< 0.01), and it was higher than that of mice under imipramine treatment ([Fig. 5](#fig5){ref-type="fig"}B).Fig. 5Effect of ginsenoside Rf (G-Rf) on expression of neuron-specific nuclear protein (NeuN) and glial fibrillary acidic protein (GFAP) in the hippocampus of the mice treated with L-AAA in the prefrontal cortex as determined by Western blot. (A) Effect of G-Rf (20 mg/kg) on relative expression of NeuN in the hippocampus. NeuN expression did not significantly differ between groups after L-AAA treatment. (B) Effect of G-Rf on relative expression of GFAP in the hippocampus. After L-AAA treatment, GFAP diminished, but oral administration of G-Rf ameliorated astrocyte degeneration. (C, D) Effect of G-Rf on NeuN expression in the hippocampus. NeuN expression did not significantly differ between groups after L-AAA treatment in CA1, CA3, or dentate gyrus (DG). (E, F) Effect of G-Rf on GFAP expression in the hippocampus. While GFAP expression significantly decreased after L-AAA injection, oral administration of G-Rf (20 mg/kg) increased the number of GFAP-positive cells in CA1, CA3, and DG. (G, H) Effect of G-Rf on Ki-67 expression in DG of the hippocampus. L-AAA injection altered the number of proliferative cells, and G-Rf rescued diminished proliferative cells. The quantitative results are expressed as the mean ± SEM. \#p \< 0.05 and \#\#p \< 0.01, significantly different from the sham control group (Sham); \*p \< 0.05 and \*\*p \< 0.01, significantly different from the vehicle-treated group (Veh). Representative results from Western blot and immunohistochemistry are also presented. Calibration bars 50 μm. L-AAA, L-alpha-aminoadipic acid; SEM, standard error of mean.Fig. 5

We further identified the change of neuron, astrocytes, and proliferative cells in the hippocampus using NeuN-, GFAP-, and Ki-67--stained sections. We used sections for CA1, CA3, and dentate gyrus (DG) to examine the overall changes in the hippocampus regarding neurons and astrocytes and sections of DG to observe proliferative cells. The number of NeuN-positive cells showed no significant changes in CA1, CA3, and DG (p \> 0.05, [Fig. 5](#fig5){ref-type="fig"}C and D). As confirmed by the results of the Western blot, the L-AAA injection significantly affected the number of GFAP-positive cells in CA1, CA3, and DG (p \< 0.01). G-Rf treatment significantly recovered the number of GFAP-positive cells which was decreased by L-AAA injection in each region (p \< 0.01). The number of GFAP-positive cells was significantly increased in hippocampal CA1, CA3, and DG regions by imipramine treatment (p \< 0.01, [Fig. 5](#fig5){ref-type="fig"}E and F). We also investigated whether G-Rf treatment altered the number of proliferative cells which was reduced by L-AAA infusion in the hippocampus. Ki-67--positive cells decreased in the DG of the mice injected with L-AAA into the PFC (p \< 0.01). In G-Rf--treated mice, we observed a significant increase in the number of Ki-67--positive cells as in imipramine-treated mice (p \< 0.01, [Fig. 5](#fig5){ref-type="fig"}G and H). In addition, G-Rf--treated mice and imipramine-treated mice showed an increased number of Ki-67 compared with the sham group. These results suggest that G-Rf can have a protective role over other brain regions affected by depressive disorder including the hippocampus.

4. Discussion {#sec4}
=============

To suggest G-Rf as possibly being a useful antidepressant, we evaluated its efficacy on neurobehavioral change and histopathological deficit induced by astrocyte impairment in the PFC. We also investigated its protective effect on proliferative cells. Conventional animal models for depression, such as chronic mild stress model and learned helplessness model, have disadvantages in having low reliability or in that not all animals respond to intervention [@bib31]. Because of homogeneous modulation across patients and similarity with postmortem brain tissues of patients with MDD, we focused on astrocyte dysfunction in depression and adopted the selective astrocyte toxin, L-AAA, in the PFC. Behavioral and neurological alteration derived by astrocyte ablation is repeatable by fine surgery. Although the definite cause or mechanism of MDD has not been discovered, a reduced number of astrocytes were observed in the PFC and hippocampi of patients with MDD in postmortem studies [@bib3], [@bib4], [@bib5], [@bib6], [@bib7]. It was also suggested that the astrocyte approach can be a key to the cognitive deficit found in depression [@bib32]. The focus on glial pathology may provide better candidates for explaining the disease [@bib32]. Accordingly, this study was intended to investigate whether administration of G-Rf ameliorated depression-like behavior and astroglial pathology of depression.

Antidepressant effects of G-Rf were observed in behavioral tests. Although injection of L-AAA did not show locomotor deficit in the OFT, astrocyte-ablated mice showed longer immobility time in the FST and TST, which indicates a depressive state. Mice treated with G-Rf had significantly as much less depression-like behaviors as those treated with imipramine. The results of the behavioral studies indicate that G-Rf treatment improved depression, especially as induced by astrocyte pathology.

We also verified the protective effect of G-Rf on the brain by using immunohistochemical and immunoblotting analyses. H&E staining of all groups confirmed the proper localization of the injection sites. Intra-PFC injection of gliotoxin diminished GFAP level, which indicates decreased astrocytes and resembles the typical feature of patients with MDD. The relative expression of NeuN was not decreased in the PFC in immunohistochemistry, which indicates that we established a mouse model that resembles traits of depression, as intended [@bib32], [@bib33]. A reduced number of astrocytes was observed in the PFC of patients with MDD, and it was more prominent in patients with familial MDD [@bib4], [@bib6]. In a recent meta-analysis of neurometabolites in the PFC by proton magnetic resonance spectroscopy, the absolute values of glutamatergic metabolites in patients with MDD were significantly decreased compared with those in healthy controls without reduction in the respective level of glutamate, implying engagement of astrocytes [@bib34]. In the previous study, loss of astrocytes in the PFC by L-AAA resulted in anhedonia, anxiety, and helplessness in rats as exhibited in a chronic unpredictable stress model, whereas lesions in the PFC induced by neurotoxins did not provoke behavioral change [@bib11]. Some studies imply that modulation of astrocytes is crucial in exploring the pathology of depression. Therefore, an astrocyte-ablated model is effective in implementing features of depression in animals and in assessing antidepressant effects on astrocytic change in MDD.

The decreased level of GFAP was reversed by G-Rf and imipramine in both Western blot and immunohistochemical analysis. It was consistent with the results from the FST and TST. Considering the human neuroimaging study that found the levels of glutamate to be correlated with severity of symptoms [@bib34], a drug that can modulate astrocytes can influence mood disorders. Furthermore, we detected a significant reduction in GFAP expression in the hippocampus after L-AAA injection. Even though glial toxin was locally infused, its effect could generate global change over the brain. There is a previous study that injecting carbachol in lateral hypothalamus induced change in the ventral tegmental area, hippocampus, and PFC [@bib29]. In previous studies using L-AAA, the author mentioned that a marker of GABA neuron changed in the hippocampus six days after injection into the PFC [@bib28]. Even though this finding showed compensatory effect, it implies that remote structure can change after histological change. One previous study reported that the number of BrdU-positive cells did not change two days after L-AAA injection [@bib35]. However, because GFAP expression in the lesion did not change until 3 days after injection, it is expected that prolonged observation is required to verify the change of other structures [@bib12], [@bib28]. The PFC is closely related to the hippocampus, and its direct and indirect interaction routes have been suggested [@bib36], [@bib37]. As abnormal interaction between the PFC and the hippocampus is connected to deficits in emotional regulation, the symptoms of neuropsychiatric disorders such as MDD, schizophrenia, or specific phobias [@bib38], which means that a drug that ameliorates deterioration of the PFC and hippocampus and their interaction, can be a promising candidate. In this study, administration of G-Rf reversed both direct and indirect alterations by glial toxins in the PFC and hippocampus just as imipramine did. Thus, G-Rf and *P. ginseng* may provide an effective strategy for treatment of MDD. Further immunohistochemical study and investigation on its mechanism should be carried out.

Previous studies have found that *P. ginseng* affects neurological disorders, and its neuroprotective effect was revealed [@bib39]. White ginseng saponin has regulated neuroinflammation of glial cells in vitro [@bib40]. A recent study reported that oral administration of *P. ginseng* extract ameliorated depressive behavior in mice under chronic restraint stress, and its effect was related to inhibition of neuroinflammation and oxidative stress in the amygdala [@bib14]. Even though G-Rf has rarely been studied in terms of neurological diseases, including affective disorders, G-Rf can work on the nervous system. In this study, we focused on the action of astrocytes and cell proliferation, but there are other clues about its mode of action that remain unclear. G-Rf showed an inhibitory effect on interleukin-1β, interleukin-6, and nuclear factor-k beta [@bib23], [@bib41] and its antiinflammatory effects could influence depressive symptoms, in that allostatic load is reported to contribute to its onset and interrupt its recovery. G-Rf has been found to regulate the nervous system and modulate neurotransmission in the brain [@bib21], [@bib42], [@bib43]. G-Rf inhibited N-type and other Ca2+ channels in sensory neurons as much as opioids did [@bib42]. In previous studies using adrenal chromaffin cells, G-Rf hampered catecholamine secretion evoked by acetylcholine better than did saponins from other plants [@bib44], [@bib45], inhibited Ca^2+^ currents, and had the most remarkable regulatory effect on the change in cell membrane capacitance among various ginsenosides [@bib46]. G-Rf also inhibited inward currents in oocytes expressing nicotinic acetylcholine receptor subtypes [@bib47]. These support the additional role of G-Rf in treating depression by its potential antistress effect [@bib43]. G-Rf regulated GABA~A~ receptors in a rat brain [@bib48] and activated G protein--coupled inwardly rectifying K^+^ channels, which result in postsynaptic hyperpolarization, mainly in the olfactory bulb, hippocampus, DG, and cortex [@bib49]. Even though the safety of G-Rf has not been tested, most ginsenosides and ginseng have proved to be safe, so G-Rf can be expected to be an effective and safe agent [@bib50]. Considering these results, G-Rf works on the central nervous system and may be a potent candidate for MDD medication.

Our study was designed to document the potential antidepressant properties of G-Rf and its underlying mechanism. One limitation of this study is that we concentrated on the astrocyte-related pathology of depressive disorder. Even though astrocytes are deeply associated with the pathophysiology of depression, an approach from various perspectives would be beneficial to explain the efficacy of G-Rf. Moreover, the underlying mechanisms of G-Rf that regulate astrocytes, such as the glutamatergic system, gap junction, neurotrophic factors, and relation with other cells such as neurons, should be elucidated. Despite no statistical significance, the mice that administered G-Rf showed increased activity in OFT compared with other groups, so this factor can be considered in interpreting the antidepressant effect of G-Rf.

In conclusion, our study shows that orally administered G-Rf ameliorated depression-like behavior, astrocytic degeneration, and loss of proliferative cells in the PFC and alterations of the hippocampus of mice treated with a glial toxin, L-AAA. Because investigation of medications for depressive disorder is still a problem to be solved, G-Rf, the genuine component in *P. ginseng*, can be proposed as a potential antidepressant agent because these findings were verified in the animal model that resembles features in the brains of patients with MDD. A further understanding of the mechanisms underlying the effect of G-Rf is required.
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